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ABSTRACT

This paper reports on the operation and results of the
double~probe DC electric field experiment on the low altitude
polar ordbiting Injun 5 satellite. At middle and low
latitudes, where the convection electric field is generally
very small, the operation of the double~probe electric field
entenna is investigated by comparing measured electric
fields with the ﬁsxﬁ electric field generated by the sat-
ellite motion through the ionosphere. Errors caused by
sunlight shadows on the probes, wake effects, and antenna
impedance variations are discussed.

At high latitudes convection electric fields greater
than 30 mV/meter, and sometimes greater than 100 mV/meter,
are frequently observed in the suroral zone. A commén feature
of these high latitude convection fields is the occurrence of
abrupt reversals in the east-west convection velocity at
auroral zone latitudes. For dusk-dawn local times, these re-
versals'generally correspond to an east-~west flow away from
the sun on the high latitude side of the reversal and toward
the sun on the low latitude side. Over the polar region

above the auroral zone the convection velocity is usually



small. At the plasmapause/light ion trough boundary small,
10 to 20 mV/meter,_electric'field perturbations are sometimes
observed, corresponding to generally westward convection
outside the plasmasphere.

At high altitudes, above about 1500 km, over the aurorsal
zone/polar cap regions irregular electric field "noise"
with amplitudes from 10 to 30 mV/meter is consistentiy ob-
served. Possible explanations of the high altitude electric
field noise are discussed.

Results are consistent with measurements using the
barium cloud drift technique. Convection observed is also
compared with models of magnetospheric structure and with

models of substorms and aurorae.



I. INTRODUCTION

The importance of electric field measurements for
studying the convection of plasma in the magnetosphere has
been recognized for a number of years [Dungey, 19613 Axford
and Hines, 1961; Piddington, 1962; Bostr®m, 1967; and Axford,
1969]; however, only recently have technigues been developed
for the measurement of magnetospheric electric fields. These
technigues inciude (1) observations of the drift of artificiai
barium cloud releases [Héerendel et al., 1967 Féppl et al.,
1968; and Wescott et al., 1969], (2) direct probe meas-
urements using rockets and satellites [Mozer and Bruston,
1967; Fahleson et al., 1968; Heppner et al., 1968; Gurnett,
1970; Maynard and Heppner, 19703 and Potter, 1970],

(3) subionospheric electric field measurements with high alti-
tude balloons [Mozer and Serlin, 1969], and (4) verious other
more indirect methods such as observations of whistler duct
motions [Carpenter, 1970], and charged particle energy spectrum
observations [Van Allen, 1970). - Of these techniques, probably
the most extensive and sensitive measurements have been
obtained from artificial barium cloud releases. Satellite
measurements can, of course, provide much more extensive

spatial coverage and quantities of data than is possible with



either sounding rockets or barium cloud releases., This paper
reports on initial results from the DC electric field
experiment on the low altitude (67T to 2528 km) polar

orbiting Injun 5 satellite.



IT. DESCRIPTION OF THE EXPERIMENT

A, Instrumentation

The electric £ileld sensors on Injun 5 consist of two

conducting spheres 20.3 cm in diameter mounted on booms as
shown in Figure 1. The spheres, which are made of aluminum,
are coated with a conducting silver paint to provide a uniform
conducting surface. The aluminum booms supporting the spheres
are insulated from the spheres and coated with & nbn«conducting
paint to insulate the booms from the surrounding plasma.
The center to center distance between the spheres is 2.85
meters. The spacecraft is magnetically oriented by & bar
magnet within the spacecraft such that when properly aligned
the x-axis. of -the spacecraft is parallel to the~geomggnetic-
field with the positive x-axis pointing downward in ﬁhe northern
hemisphere. Typical maximum alignment errors between the
¥-axis and the geomagnetic field are about 10 to 15 dggreesa
As shown in Figure 1, when the spacecraft is magnetically
oriented, the DC eleectric field experiment is sensitive to
the electric field, E,» perpendicular to the geomagnetic
field.

Ideally, the two spheres and supporting booms should

have exactly the same (translational) geometry so that



sunlight and ram ion shadowing of the spheres by the booms

is the same for both spheres, thereby eliminating errors due

to dissimilar sheath characteristics for the two spheres.
Unfortunately, structural limitations did not permit adding
stub booms, as suggested'by Feahleson [196T7], to maintain
identical particle and sunlight shadoviné for all orientations.
Errors in the meeasurement due to asymmetrical shadowing of

the two spheres are discussed in sectiop ITT.

The potential difference between the two spheres is
determined using & high input impedance differential amplifier
located in the mein spacecraft electronics. The differential
amplifier has a dynamic range of #1.0 volts and an RC time
constant of 0.4 seconds. The output from the differential
amplifier is sampled by the digital data system once every L
seconds. The minimum resolvable electric field_strength
increment is approximately 2.75 mV/meter.

In order to minimize errors due to voltage drops through
the plasma sheath surrounding each sphere, the differential
smplifier input impedance must be much larger than the sheaih
impedance. The input impedance of the differential amplifier
is 20 megohms from each sphere to the spacecraft body. This
input impedance is much larger than the sheath resistances
generally encountered in the Injun 5 orbit. In order to verify
that the sheath resistance ig small compared to the input

impedance of the differential smplifier, the average AC impedance



of the two spheres is measured every 30 seconds by differen-
tially driving the spheres with a constant amplitude AC current
source (I=0.1 puamp RMS) and measuring %the resulting AC potential
difference between the spheres. Further details of the Injun 5

DC electric field experiment are given by Gurnett et al. [1969].

B. Theory of Operation
The theory of operation for the double probe type of

electric field antenna used on Injuﬁ 5 has been discussed by
Fahleson [1967] and Aggson [1966] and is summarized here
to provide a basis for discussing the observed operation in
orbit. The double probe antenna can be thought of as two
high~impedance potential probes immersed in the highly con~-
ducting plasma surrounding the spacecraft. As is well known,
an inhomogeneous plasma sheath forms around the entire space-
craft-probe system as illustrated in the top diagram of
Figure 2. For the plasma densgities found in the Injun 5
orbit, the sheath is normally a positive ion sheath with a
characteristic thickness given by the Debye length [Fahleson,
1967]. 1In regions of very low plasma density the photo~
electron current can, however, exceed the current collected
from the plasma in which case a photo-electron sheath is
formed with a characteristic thickness of about 20 em [Aggson,
1966].

An equivalent circuit model of the coupling of the
probe system to the plasma is shown in the bottom diagram of

Figure 2. In this model the voltage sources E(2/2) and E(-2/2)



represent the plasma potential at the center of the two

spheres., TFor the Injun 5 orbit the sheath thickness is normally
small compared to the antenna length. It is, therefore,
expected that the effective length, L, of the antenna will be
equal to the center to center distence between the spheres.

For a positive ion sheath the sheath resistance Rs and

sheath potential Vs can be computed from Langmuir probe

theory and are given by [Fahleson, 1967]

R, = 7 +§ , and (1)
i 7p
Ie
vV = -Ue Ln T3] ¢ (2)
i 7p ’

where Ue is the electron thermal potential (Ue = kTe/e), Ie
is the random electron current which would be collected by

the sphere in the absence of sheath effects, I, is the ion

i
ram current incident on the spheres,‘and Ip is the photo-
electron current emitted by the sphere.

If the electron density becomes so low that the
electron current plﬁs the bias current to the differential
amplifier, IB’ is less than the photo~electron cufrent plus
the ion ram current (Ie+IB<Ip+Ii) then the plasma sheath
becomes a photo-electron sheath [Aggson, 1966].

For a photo-sheath the sheath potential, Vs,_of the

spheres is positive and the Langmuir probe relations given by
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Equations (1) and (2) are no longer valid. If an exponential
photo~electron energy spectrum is assumed, with an e~folding
energy UP=3.0 volts, then the sheath resistance, Rs, and sheath

potential, Vs, for the photo-electron sheath are given by

U
.
Rs T ¢ and (3)
e i
I
V =U n | —2—|. (%)
8 D Ie-Ii

i
The resistanee RB in the equivalent ciremit of Figure 2

These equations sre valid whenever Ie+IB<IP+I o

represents‘the input resistance of the differential amplifier.
From the circuit diagram it can be readily shown that the

observed potential difference between the spheres is given by

E 2
- _ ¥ 1 1
Ve - V_ = ) R_, + R
1 +§——- 1 +§§-:
B B
(5)
% VS+ - VS"'
R_, Rs— ?
1 + 'I?g"' 1 + R
B B

where the plus (+) and minus (-) subscripts refer to the +y
and -y spheres, respectively. If the sheath voltages are the
same for both spheres, Vs+ = Vsm5 and the sheath resistances

are small compared to the differential amplifier input imped-

ance (R&¢9 Rg“<<RB) then the y component of the electric
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field is directly proportional to the potential difference

between the spheres,

E = = >, (6)

In the following section the validity of the above
equations, and the assumptions used in their derivations,
are investigated using inflight observations of the electric

antenna operation.
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III. OPERATION OF THE ELECTRIC ANTENNA
SYSTEM IN ORBIT

A. Comparison with isgi
At middle and low latitudes, where the ionospheric

plasma is expected to co-rotate with the earth [Axford, 1969],

only the Bxi electric field arising from the satellite

<t <
L]

velocity through the ionosphere should be observed. Thus,
at middle and low latitudes it is possible to "calibrate"

the electric field measurement by comparing the observed
electric field with the computed stﬁ electric field.

The Ey electric field observed for a typical Injun 5
orbit is shown in Figure 3, as determined from the sphere
potential difference using Equation (6). The systematic
sinusoidal variation evident in the measured electric field,
with & period of about 20 minutes, is caused by the stﬁ
electric field. The sinusoidal modulation of the observed
stﬁ electric field is due to the slow rotation of the satellite
‘around the geomagnetic field with a period of about 20 minutes.
Because the magnetic orientation always maintains the electric
antenna axis perpendicular to the geomagnetic field, the
maxima and minima in the measured ﬁsxﬁ electric field occur
when the antenna axis is parallel with the ﬁsxﬁ electric field.

At these points the messured ﬁgxﬁ 2lectric field can be
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compared directly with ﬁhe magnitude of the computed §Sx§
field. The dashed lines in Figure 3 are the positive and
negative limits of the vsxﬁ field as computed froﬁ the satellite
orbit. The satellite velocity VS was computed relative to a
coordinate system co-rotating with the earth and the geomag-
netic field was computed using the 1965 Cain et al. [1967]
expansion for the geomagnetic field. Near the magnetic
equator the ﬁsxﬁ field becomes very small as the angle between
the satellite velocity vector and the geomagnetic field be-
comes small.

Discounting the spacecraft wake and shadow effects.
indicated in Figure 3, the maxima and minima in the observed
?Sxﬁ electric field at middle and low latitudes are observed
to fit the dotted |V _xB| envelope to within about 50 mV/meter.
Similar comparisons on other orbits indicate that the maximum
error between the computed and measured ﬁsxﬁ field, when
spaceeraft wake and shadow effects are eliminated, is typically
about 50 mV/meter. As discussed in the following sections,
this error is believed to be primarily due to asymmetrical

sunlight shadowing of the spheres by the supporting booms.

B. Sheath Resistance

The bottom plot of Figure 3 shows the electric antenns
impedance for an entire orbit at & frequency of 30 Hz. At
this low frequency the antenna impedance 1s observed to be

almost purely resistive [Gurmett, gt al.. 1969]. Tnis
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resistive impedance is believed to be almost entirely due to
the plasma sheath surrounding the spheres.

The sheath resistance is observed to vary widely during
an orbit, from less than lOu ohms at low altitudes near the
magnetic equator, to greater than lO6 ohms at high altitudes
over the polar regions. These variations can be generally
understood from Equation (1) for the resistance of the plasma
sheath surrcunding the spheres.

At low altitudes, where the electron number density,

3

N exceeds about %xloh electrons/em~, the ram ion current

e’
exceeds the photo-~electron current (Ii>IP), and the sheath

resistance given by Equation (1) becomes inversely proportional
to the electron number density (Iiwl\le)° The sheath resistances

less than 105

ohms, evident at low altitudes near the magnetic
equator in Figure 3, are due to the increased electron demnsity
in this region. The sheath resistance decrease at low alti-
tudes is particularly pronounced when the perigee is near the

magnetic equator where the latitudinal maximum in the electron

density occurs [Brace et al., 1967]. The sheath resistance

is often less than_lOh ohms in this region [see Figure 6 of
Gurnett et 8l., 1969].

Aﬁ higher altitudes, where the electron density is
less then about 7x10u electrons/cm35 the ram ion current is
less than the photo-~electron current (Ii<1p)° Undexr these

conditions the sheath resistance as given by Equation (1)
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is determined primarily by the electron temperature. An
electron temperature of 2500°K, which is typical for the
Injun 5 oxbit at mid and low latitudes and a photo-electron
currenf estimated to be about 2.5 upamps, gives a sheath fen

sistance of “'105

ohms. This wvalue is typical of the sheath
resistances actually observed at mid and low latitudes above
about 1000 km altitude and accounts for the general magnitude
of the sheath resistances most commonly observed with Injumn 5,

The increased sheath registance evident in Figure 3
at high altitudes over the northern polar region is believed
to be due to_the increased electron temperature in this region
(Rs = kTe/eIp) or due to the formation of a photo-sheath
in regions of unusually low electron density (see discussions
of wake effects in section D).

An abrupt change in the sheath resistance is commonly
observed as the spacecraft crosses the plasmapause/light ion
trough boundary, with larger sheath resistanceé being observed
outside the plasmasphere [see Figure 5 of Gurnett et al.,, 1969].
This increased sheath resistance is ﬁelieved to be due to
the increase in the electron temperature and the decrease
in the ion ram current on the high latitude side of the p;asman
pause boundary.

When the spacecraft is in darkness at high altitudes

(above 2000 km) the sheath resistance often exceeds lO6 ohms.

This large sheath resistance occurs because both the photo;
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electron current, ng and the ion ram current, Ii, in the
denominator of Equation (1) are small when the spacecraft
is in darkness at high altitudes.

Typically the sheath resistances observed in flight
are less than 106 ohms so that corrections to the electric
field determinations due to the finmite differentiel amplifier

7

input impedance (RB£2xlO ohms) are usually negligible.

However, at high altitudes when the spacecraft is in dgrkness
or is over the polar regions, the sheath resistance sometimes
exceeds 106 ohms. In these cases, which are readily identi-
fied from the impedance measurement data, significant errors

due to the finite differential amplifier input impedance can

occur.

C. Sunlight Shadowing Effects

The abrupt jumps in the sphere potential difference
labeled "spacecraft shadow” in Figure 3 are due to the change
in the photo-electron emission of one of the spheres as the
sphere passes through the sunlight shadow of the spacecraft
body. The potential of the shadowed sphere typically decreases
by about 0.3 to 0.5 volts as the sphere passes through the
shadowed region. The origin'of this shadowing effect can
be seen from Equation (2) for the sheath potential. If the
photo«~electron currents are identical for both spheres, then
the sheath potentials Vs+ and ng are equal and cancel out

of Equation (5) for the sphere potential difference (assuming
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that R_,, st<<RB)° However, any difference in the photo-
electron current emitted by the two spheres, such as is
caused by sunlight shadowing of one of the spheres, will
cause an imbalance of the two sheath potentials and a corres-
ponding shift in the sphere potential difference. The polari-
ties are such that when the +y sphere is shadowed, the Ey
component of the electric field increases. The range of sun
directions (§) for which shadowing c¢an occur for each sphere
is indicated in Figure 1. Sunlight shadowing effects caused
by the spacecraft body are usually easy to idehtify because
of their distinctive characteristics and predictable occurrence.
The photo-electron current emitted by the sphere can
be determined from the Jjump, NVSQ in the sphere potential
difference as the sphere is shadowed. A rough estimate of
the photo~electron current can be made from the "Ohms law”
relation Ip = AVSIRS, which for a typical case of AV_ = 0.3
volts and R = 10° ohms, gives IP»Q 3 pamp. A more complete
analysis, which takes into account the nonlinear sheath
characteristics has been performed using the Langmuir probe
equations given by Fahleson [1967)] and gives a value for the
photo-electron current of Ip = 2.5°% 1.0 panmp.
Asymmetrical sunlight shadowing effects by the booms
supporting the spheres are believed to be primarily responsidle
for the errors in the %Bxﬁ "calibretion” comparisons discussed

earlier. Since the boom can at most shadow only sbout 12%
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of the projected area of a sphere, the magnitude of the boom
shadowing effects are proportionmately smaller than the space~-
craft body shadowing effects. The maximum error due to

boom shadowing is estimated to be about 50 mV/meter. Since
boom shadowing can occur to varying degrees over a large
range of spacecraft orientations (see Figure 1), this type of
error is present in a large fractiom of the Injun 5 data.

In contrast to the spacecraft body shadows which produce
abrupt jumps in the sphere potential difference the boom
shadow error is a smoothly varying function of the spacecraft
orientation with a time scale comparable to the rotation
period of the spacecraft. The tendency for the measured
%sxﬁ electric field in Figure 3 to undershoot the ]?sxﬁl en=
velope in the southern hemisphere and overshoot in the
northern hemisphere can be accounted for by & detailed con-~
sideration of the polarity of the boom shadowing errors in
the northern and southern hemisphere. (In this case the boom
shadowing error for a given orientation has the same sign
in either hemisphere, but the vector direction of vsxﬁ is
reversed. The boom shadowing error therefore adds to stﬁ
in one hemisphere and subtracts in the opposite hemisphere.)
Although it has not been considered practical to quantita-
tively correct for boom shadowing errors as pert of the
routine dats processing, it is usually eagy to distinguish

boom shadowing errors from magnetospheric electric fields on
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the basis of the time scales involved. Also, there is a
fairly large range of orientations for which no boom shadowing

can occur for either sphere (see Figure 1).

D, Wake Effects

Perturbations due to a wake from the spacecraft body
have been obsgerved inm the Injun 5 DC electric field data.
Because of the magnetic orientation and geometry of the
electric antenna, wake effects are expected for Injun 5 only
at high latitudes. Three exceptionally clear examples of
wakes observed»on successive passes over the northern poiar
region are shown in Figure k., The electric field plotted
in Figure b is the difference between the observed electric
field and the best estimate of the %sxﬁ electric fileld.

The angle between the anti-velocity vector (vﬁg) and the
position vector of the 4y sphere ielative to the center of
the spacecraft body is also shown in Figure L., The electric
field perturbation observed for these three cases is seen to
correlate well with the position of the sphere with respect
to the anti-~velocity wector direction. The angular width

of the wake region is very large, from £60° to #90° in these
cases. Since the Ey electric field perturbation is negative
when the +y sphere is in the weke, it follows from Equation
(6) that the potentisl of the +y sphere must increase in the

wake region.
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Wake effects are observed with Injun 5 only at high
latitudes, above 60° invariant latitude. 1In order to provide
further information on the origin of the wake effects observed,
a study was performed on the occurrence of wakes as a function
of the satellite alﬁitude and the sheath resistance of the
antenna. Each sample used in this wake study consisted of a
case where one of the spheres was within #30° of the anti-
velocity vector direction. A total of LL5 such cases were
investigated and the results are summarized in Table 1. Un-
fortunately most of the wake effects observed with Injun 5 are
not nearly as symmetrical and clearly defined as those shown
in Figure 4 and in many cases it is not possible to clearly
distinguish wake effects from other phenomena. TIn this
study, any electric field perturbstion which appeared to
correlate even roughly with the angle between the sphere and
the anti-velocity wvector was clagssified as a wake, even though
in some cases the perturbation may have been due to some other
cause, The normalized frequencies of occurrence for wakes
given in Tadle 1 show that the occurrence of wakes is a strong
function of both altitude and sheath resistance. At altitudes

below 1500 km and sheath resistances less than lO5

ohms, the
occurrence of wakes is negligibly small (L case). At altitudes
above 1500 km the occurrence of wakes is strongly controlled by

the sheath resistance. For sheath resistances fronm 105 to

106 ohms only 8% of the cases investigeted have wakes, whereas
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for sheath resistances above 106 ohms 62% of the cases in-
vestigated have wakes. A qualitative comparison with the
AFCRL electron density probe on Injun 5 indicates that wake
effects are observed only in regions of very low electron

3 electrons/cm3e In almost a&ll

density, typically 2 x 10
cases investigated (88%) the potential of the sphere
increased as the sphere passed through the wake region.

An unusual asymmetry exists between the +y and -y
spheres in that weke effects are much more commonly observed
with the +y sphere. 1In Figure 4 for example, no comparable
perturbation of the -y sphere poténtial was observed even
though the -y sphere passed through the wake region only a
few minutes before the +y sphere., After normalization to
account for the number of times each sphere was within the
wake region, it was found that T0% of all wakes observed
occurred for the 4y sphere. The origin of this asymmetry is
discussed below.

Discussion. The observed potential change as the

sphere passes through the wake could be due either to the
variation of the plasma pétential in the wake region or to

a perturbation in the sheath potential Vs. Several factors
suggest that the increase in the sphere potent{al in the
wvake region is primarily due to a perturbation in the sheath
potential. First, the fact that the wake occurrence is
different for the two spheres indicates that the sphere po-

tential perturbation in the wake depends on some parsasmeter
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which is different fqr the two spheres, rather than on a
variation of the plasma potential in the wake region which
should be the same for both spheres. Second, the observed
positive potential in the wake region is not consistent with
present theoretical understanding of spacecraft wakes
[Al'pert et 2l., 1963; Taylor, 1967] in that the plasma
potential in the wake region is expected to be negative in
order to maintain approximate charge neutrality in this region
of rarified ion density.

Within the wake region, the primary variation in the
parameters affecting the sheath potential,vs, is the
decrease in the electron current, Ie, and the ion ramAcurrent,
Ii’ caused by the density rarefaction in the wake. For the
high altitude, low density conditions where wake effects
are observed, the ion ram:current is negligible compared to
either IP or Ie° The increase in the sphere potential within
the wake region can be caused by the decrease in the electron
current, Ie’ in the wake, for either a positive ion sheath
(Equation (2)] or & phote-shesth [Equation {4)]. The pronounced-
agsymmetry in the occurrence of wakes for the two spheres is
believed to be caused by an asymmetry in the photo-electiron
emission from the two spheres caused, perhaps, by surface con-
tamination during lgunch. The existence of a photo-electron
current asymmetry of Ip+ - Ipw = 1 uamp is indicated by the

jump in sphere potential that occurs regularly when the
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spacecraft enters or leaves the earth®s shadow. If the plasma
sheath is a positive ion sheath for both spheres, then the
dependence of the sheath potential on number density is the
same for each sphere and wake effects will occur equally for
each sphere, which is not what is generally observed. If,
however, the density in the wake region becomes so low that =a
photo-sheath can occur, then a photo~sheath will form at a
larger electron dengity for the +y sphere than for the -y
sphere because of the asymmetrical photo~currents of the
two spheres. It is therefore more likely for a photo=gsheath
to occur for the +y sphere than for the -y sphere. Also,
since the photo-electron energy, Up=1.5 volts, is much larger
than the electron thermal energy, Ue=0.l volts, density~
induced changes in the floating potential are much larger for
a photo-sheath than for a positive:ion sheath. Therefore,
when a photo-sheath does develop for the +y sphere as it passes
through the wake, the resulting perturbation in the sphere
potential will be much larger than when both spheres have
positive ion sheaths in the wake region.

From this analysis, it is concluded that the sphere
potential perturbations observed in the wake region with
Injun 5 occur when the sphere develops a photo-electron

sheath in the region of reduced electron density in the
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spacecraft wake. This interpretation is also consistent with

the large (>106 ohms) sheath resistances observed when wake
effects are observed since the resistance of a photo-sheath is
much greater than the resistance of a positive ion sheath
(compare Equations (1) and (3) when UP>>Ue). It also explains
why vwake effects are observed only under conditions of very low
density (~2x 103 electrons/cm3) since the photo-electron current
must exceed the random electron current collected from the
‘plasma (plus any amplifier current) in order for a photo-electron

sheath to occur.,
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IV. DATA REDUCTION PROCEDURE

A. Residusl Electric Field Determination

In order to separate naturally occurring electric fields
from instrumental effects, it is neéessary to subtract the
%sxﬁ electric.field and other known errors from the measured
electric field. The procedure used to eliminate the unwanted
effects is described below.

All electric field effects are disregarded when the
sheath resistance exceeds lO6 ohms. This condition eliminates
nearly all wake effects and assures that the differential amp-
lifier impedance is much. larger than the sheath resistance.
Since spacecraft shadow effects are predictable from the
spacecraft orientation, data are also discarded when a probe
is close to the anti-sun vector. The component of the vsxﬁ
electric field parallel to the antenna axis, y°§sx§, is also
easily calculated. The only major problem which remains is
boom shadowing. While boom shadowing is understood in
principle, in practice this error cannot be calculated with
sufficient accuracy to be useful because of uncertainties in

the various plasma parameters involved.
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The procedure which has been adopted for subtracting
y-%sxﬁ and the boom shadowing error is the following: a
smooth curve Es is hand-drawn through the measured electric
field subject to the following requirements:
(1) It has a sine wave shape which is qualita-
tively the same as the computed y~78x§ field.
(2) The modulation amplitude and phase are adjusted
to provide a good fit at low latitudes where no
convection electric fields are expected.
(3) In cases of uncertainty the curve is drawn closer
to the average measured field.
This procedure takes into account both §-stﬁ and
smooth changes in boom shadowing. In cases of uncertainty
the residual electric field, E =EM=E., will in general

R

underestimate the actual convection electric field. If

natural electric fields occur which are small and uniform
over distances on the order of 5000 km, they will unfortunately
but unavolidably be subtracted out by this procedure and will not

appear in E Because of the unknown spatial variations in

R*
the plasma parameters affecting the boom shadowing the absolute
values of ES and ER cannot in general be determined to hetter
than about *30 mV/meter. However, fluctuations in the

residual electric field which occur with periods much less

than the satellite spin period are considered significant if

their magnitude exceeds about 10 nV/meter.
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B. Convection Velocity Determination

Axford [1969] has explained that at Injun 5 altitudes
the conductivities are such that a DC electric field is
related to the convection velocity ?c of the plasma by the

equation
V., = 222, (7)

The magnetic orientation of Injun 5 restricts the DC electric
field experiment to measure only electric fields perpendicular
to the geomagnetic field. Furthermore, since only the Ey
component of the electric field is sensed, only the component
of convection velocity parallel to the z axis of the space-
craft can be inferred. The convection velocity component
measured can therefore be computed from the relation

) (ER?)X(BX) _

E
= R
Vc - B2 - e E"‘zp (8)

Figure 5 illustrates the data reduction procedure used
to determine the residual electric field, ER, for a typical
case, The s0lid curve is the measured electric field, EM,
and the dotted curve, ES, is the smooth curve drawn to best
approximate the ?sxﬁ.field and the boom shadowing error.

The residual electric field,ER=E -E., has an abrupt reversal of

M T8
approximately *50 mV/meter at 1428 UT. The sheath impedance is
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less than 106 ohms. The angles between the probes and the
sun vector, 68, and between the probes and the satellite
velocity vector, ev, verify that for this event neither probe
was in a wake or a sh;dow. Hence, this electric field re-
versal is assumed to be due to a convection electric field.
The convection velocity component associated with this
residual electric field is illustrated on a magnetic local
time/invariant latitude polar diagram in Figure 6. Each
arrow represents the measured component of the convection
velocity computed using Equation (8). The length of the
arrow is proportional to the magnitude of Vc and the direction
of the arrow is in the direction of the convection wveloeity
sensed. The base of each arrow, or the location of each dot,
gives the satellite position at half-minute intervals. Since
variations in Vc may occur within the 30 seconds between
arrows, each arrow corresponds to the maximum or "envelqpe"
convection velocity during the interval. It must be emphasized

that the arrovw represents only the component of the convection

velocity detected; it does not represent the vector direction

of the convection velocity since only one component is méas«
ured. The electric field reversal shown in Figure 5 appears
in Figure 6 as & reversal in the east-west component of the
convection velocity. Because of the orientation of the space~
craft during this event, the north»south component of the

convection velocity cannot be determined.
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The magmitudes of convection velocity variatioans
determined on distance scales less than about 1000 km are
believed to be uncertain by about 0.25 km/sec using this data

reduction procedure and, as in the case of E represent a

RS
lower limit. Uniform convection velocities over large regions
(5000 km or greater) are not expected to be detectable if the
convection velocity is less than about 1 km/sec because

slowly-varying electric fields are eliminsted in the data

reduction procedure.
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¥. CHARACTERISTICS OF THE OBSERVED ELECTRIC FIELDS

On virtually every orbit of the satellite, significant
residual electric fields not attributable to any known instru-
mental effect are observed. These electric field effects,
which are assumed to be due to plasma convection phenomena,
are only observed at middle and high latitudes. Above 60°
invariant latitude, electric fields with fluctuations greater
than 10 mV/meter are obgerved on nearly every pass and occa-
sionally magnitudes greater than 100 mV/meter are observed.
Many of these fluctuations take the form of discrete auroral
zone events called electric field "reversals” discussed
in section A below. Small changes sometimes observed at thé
plasmapause are discussed in Section B. Other electric field
veriations, irreguler and broader in extent, are classified

a8 "noise" and are discussed in Section C.

A. Auroral Zone Electric Field Reversals

A phenomenon which is observed to occur only in the
auroral zone, but not on every pass, is an abrupt reversal

in the residual electric field, E and consequently, also in

R9
the convection velocity, Vca These events are the easiest
of the observed phenomena to study both because the signa-

ture of a reversal cannot arise due to a spurious shadow,
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and also because the overall magnitude cannot be changed

by an error in drawing Esa Uncertainty is thus confined to
where the electric field or convection velocity crosses zero;
the peak-~to-peak magnitude is unaffected by the data reduction.

An example of a reversal occurring at dusk at T78° INV
has been shown in Figure 6. The convection direction, sun-
wvard at higher latitude, is observed less frequently than
anti-sunward convection at higher latitudes, but both do occur.
Figure T shows three reversals occurring at dawn on different
days of January, 1969. The convection directions for the
three are consistent in showing anti-sunward flow at higher
latitudes, and sunward flow at lower latitudes. in all three
éxamples the reversal occurs at about T75° INV. Reversals
typically occur in the auroral zone between T0° and 80° INV
and are not observed over the polar cap or at middle and low
latitude.

Figure 8 shows a striking example of reversals which
occur at conjugate ends of the same magnetic field lines. The
polar diagrams represent opposite hemispheres 1 hour (one-half
orbit) apart:. On the dawn side, in the northern hemisphere,

a reversal occurs at ~T4°® INV. 1In the opposite hemisphere,
the reversal occurs at T0° INV, again at ~3.5 hours MLT. The
convection velocitieg observed in association with this set
of three reversals are among the largest ever observed with

Injun 5. The electric fields (not shown) for these reversals
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show several oscillations with ~20 second periods on the low-
latitude side of each of the three reversals. ©n the dusk
gide of Figure 8 another, smaller pair of conjugate reversals
may be seen at 75° INV and ~v15.5 hours MLT,.

Special mention should be made of the observation at
1643 UT in Figure 8. Here, because the satellite rotates,
only the north-south component of convection is being measured.
Simultaneously, the magnitude of convection measured becomes
equal to zero, and afterwards agein becomes non-zero. Both
before and after, the convection is determined to have east-
ward components. This event is interpreted to mean that the
true convection direction was eastward, with no north=-south
component. One hour later (at 1730 UT) at the magnetically
conjugate location, only the east-west component was being
measured, and large eastward convection is observed.

Figure 9 depicts an example of pairs of convection
reversals occurring on both sides of the polar cap at about
75° INV, for three successive passes over the north polar cap.
A large zone of convection appears to be d;rected across the

center of the polar cap from ~10:00 towards ~22:00 hours MLT

in the top diagram. At 1930 UT in the middle diagram the 04:00~
16:00 hours MLT component of convection is being measured,

and no electric field 1s measured. This does not rule out the
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possibility that convection in the 10:00-22:00 direction per-
sisted at 1930 UT. Some of the.variation in velocity magnitude
between passes in Figure 9 may be ascribed to the different
orientations of the satellite. However, a close examination,
for instance of the convection zones at 1924 and 2121 UT,

shows that in the 2 hours between passes the magnitude of the
eastward convection component changes significantly, the width
of the zone changes, and the invariant latitude of the reversal
shifts by several degrees. Thus the time scales of the phen-
omena in this example are shorter than the two hours between
passes, although the overall pattern persists.

The convection shown in Figures 7, 8, and 9 may be
summarized as illustrating the persistent occurrence of
reversals in the east-west direction of the convection in
the auroral zone. In most of these cases the primary convec-
tion pattern is limited to a region several'degrees in
latitude on either side of the reversal with sunward con-
vection generally observed on the low latitude side of the
reversal and anti-sunward convection on the high latitude
side of the reversal. Insufficient date have been examined
to determiné’to what extent a broad anti-sunward convection
zone acorss the polar cap may occur, but broad convection zones
with velocities as high as 2 km/sec over.  the polar region, such
a8 those evident at 1727 UT in Figure 9, are definitely not

common.
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While not enough data has been studied to determine
the dependence of the occurrence of reversals on magnetic
activity, it is interesting to note that the examples of re-
versals shown in Figures 6, 7, 8, and 11 occurred when mag-
netic activity as measured by KP was relatively quiet.

Reversals are abrupt boundaries between oppositely-
directed electric field or convection "zones". Figure 10
shows two oppositely-directed electric field zones separated
by a region of zero electric field, rather than by a sharp
reversal. This pass is also of interest because the satellite
vas not rotating, and the electric antenna axis was parallel
to the velocity vector, as illustrated in Figure 11. The
orientation is fortunately such as to exclude all shadow and
boom effects. Under this (rather rare) set of circumstances
the potential across the polar cap may be integrated directly

from the electric field:

-

~

¢ B - Jﬁ'dg° (9)

The potential, plotted in the top of Figure 10, reaches
L 000 volts in about 2500 kilometers. The polar diagram in
Figure 11 shows the convection velocity components implied by

the measured electric field zones. Only the sunward/anti-
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sunvard convection component is measured. The anti-sunward
flow above T75° INV and sunward flow below T75° INV is consis-
tent with the convection directions shown in Figures 7, 8,
and 9.

Not all electric field reversals occur on time scales
of minutes. Figure 12 shows a reversal which changes from
minimum to maximum (117 mV/meter) in 8 seconds. As the ¥y
axlis at this time was aligned parallel to Vs, the potential
may again be found as indicated by Equation (9). The top of
Figure 12 shows the potential obtained, which reaches 3600

volts in less than 100 km.

B. The Plasmapause Boundary

Several plasmapause crossings have been investigated
to determine if any changes occur in the plasma convection
velocity as the satellite crosses the plasmapause/light ion
trough boundary [Carpenter, 1966; Taylor et al., 1969]. The
plasmapause boundary can be identified in the Injun 5 data
from (1) the characteristic "lower hybrid resonance (LHR)
breakup" effect commonly found in the VLF electric field data
at the plasmapause boundary [Carpenter et al,, .1968], (2) the
characteristic increase in the sheath resistance at the
plasmapause boundary and (3) the change in the electron density
as measured directly by the AFCRL electron density measure-~
ment on Injun 5. Unfortunately, for the Injun 5 orbit these

plasmepause indicators are not always present so that a unique
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identification of the plasmapause location is possible for
only a small fraction of the available data, primarily at
altitudes above 2000 km during local night. Because of these
limitations only eight cases have been investigated at the
present time for which the plasmapause location cen be
clearly and unambiguously identified. Of these eight cases
five have small (10-20 mV/meter), but clearly distinguishable
perturbations in the residual electric field at the plasma-
pause boundary.

An illustration of one such plasmapause crossing is
shown in Figure 13. In this case the plasmapause crossing,
from the plasmasphere into the trough region, occurred at
about 0806:15 *:15 UT, as shown by the increase in sheath
resistance at this time. The DC electric field varies
smoothly as the satellite crosses the plasmapause, with no
evidence of the large amplitude electric field variations
observed at higher latitudes. A small shift in the DC elec~
tric field is evident, however, shortly after crossing the
plasmapause boundary. In this case, the antenna axis is
aligned north-south so that the east-west component of the
convection velocity is being detected. By extrapoclating the
stﬁ electric field into the trough region (dotted line in
Figure 13) the convection electric field in the region beyond 
the plaesmapause boundary the convection electric field can be

estimated to be about 15 mV/meter. This_electric field
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corresponds to & westward convection wvelocity of about 0.5
km/sec on the high latitude side of the plasmapause boundary.
All of the five plasmapause crossings observed with
significant electric field effects at the boundary occurred
in the local time range from O to 5 hours magnetic local
time. The direction of the convection velocity component
measured in these five cases was as follows: three cases west,
one case north-west, and one case south. The magnitude of
the change in electric field detected in all of these cases
was small, 10 to 20 mV/meter, and close to the resolution
limit of the instrument and the dats analysis technigque used.

Discussion. The possibility that these small pertur-

bations in the DC electric field near the plasmapause boundary
could be caused by a change in the sheath cheracteristics
rather than a real electric field has been investigated in some
detail. Two possibilities have been considered: (1) errors
caused by the change in the sheath resistance, and (2) errors
caused by an imbalahce in the parameters affecting the sheath
voltages of the two spheres. In none of the cases investiga-
ted was the change in the sheath resistance large enbugh to
produce the observed effect. The possibleAquantities which
could contribute to an imbalance of the two sheath voltages
can be seen from Equation (2). Because the electron thermal
velocity greatly exceeds the spacecraft velocity the terms

Ue and Ie in Equation {2) are always the same for the two
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spheres and cannot cause a difference in the sheath voltages.
The ion ram current Ii’ which is directly proportional to the
plasma density, changes considerably at the plasmapause. An
inequality of either of the terms, I, or Ip in Equation (2)
could cause a change in the differential sheath voltage at

the plasmapause. However, since Ii is much less than I_ at
the altitude where these events were observed, the effect of
changing Ii is quite small, less than 3 mV/meter for almost
any reasonable condition. Furthermore, in two of the plasma-~
pause cases-studied [Figure 13 of this paper and Figure 4 of
Gurnett, 1970] the spacecraft orientation was such that
neither sunlight nor ram ion shadowing by the booms was possi-
ble so that the sheath voltages should be identical for the
two spheres.. Since no other instrumental effect is known which

could account for the observed potential changes, it is con-

cluded that these plasmapause electric field effects are due

to a change in the plasma convection at the plasmapause boundary.

C. High-latitude Electric Field Noise

At invariant latitudes greater than 60° electric
field "noise" is mearly always observed. This noise consists
of rapid fluctuations of the observed electric field, with
time scales generally less than 60 seconds and amplitudes up
to 150 mV/meter. An éxamplé of this type of electric field
noise is illustrated in Figure 1lk. Some of the general

characteristics of this electric field noise are summarized
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below:

(1) There is an apparent seasonal effect, with
larger noise amplitudes occurring over the
winter polar region, as evident in the example
shown in Figure 1L.

(2) The noise usually has a fairly well-defined
low~latitude limit at about 58° to 62°
invariant latitude. When the amplitude of the
noise is very low, however, the noise may not
be observable below about 70° invariant 1atitude.

(3) When the noise amplitudes are very low, the
invariant latitude at which the fluctuations are
largest is nearly always at about 70 to T75° in-~
variant latitude, in the auroral zone.

(L) The amplitude of the noise is strongly dependent
on altitude with larger noise levels observed
at higher altitudes.

(5) The amplitude of the noise is also related to
the sheath resistance, to the extent that when
Rs<106 ohms, fluctuations rarely exceed 50 mV/meter,'
and are more typically 10 mV/meter in amplitude,
whereas when RS>106 ohms, the noise amplitudes
may exceed 150 mV/meter, but are more typically

about 30 mV/meter in amplitude.
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(6) The noise amplitude is also related to the
electron density in that the large noise levels
are generally observed in regions of low electron
density.

Because of the interdependence of the electron density,
sheath resistance, season, satellite position, and possibly
other factors, it is difficult to determine which factors
are most significant in controlling the noise amplitude.

Since spacecraft wake effects also occur at high latitudes

and high sheath resistances, large electric field fluctua-
tions are usually'observed superimposed on the sphere potential
perturbations due to the spacecraft wake.‘ The noise does not,
however, appear to be related to the spacecraft wake effect
because the noise is present with essentially the same ampli-
tude both when the sphere is inside and when it is outside

the wake region. An initial comparison of noise amplitudes
during twq magnetically disturbed and two magnetically'quiet
times in January, 1969, reveals no significant correlation
‘with magnetic activity.

Discussion. The DC electric field noise may well be

due to magnetospheric convection; possibly small-scale eddies
or turbulence. If so, then the altitude dependence of the
noise amplitude provides evidence for DC electric fields
parallel to the geomagnetic field. Because the noise ampli-

tudes are typically 30 mV/meter, or more, at apogee, but
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are usually negligible by comparison at perigee over the same
region, then there must be a potential drop on the order of
30 mV/meter x (typical scale length = 30 km) = 900 volts
between apogee (2528 km) and perigee (677 km). A lower
limit on the corresponding parallel electric field woulad
therefore be about 0.5 mV/meter.
It is, however, also possible that this "electric”
field noise may be due to unbalanced variations of the
sheath potential or to some other unknown interaction between
the spacecraft and the surrounding medium. Unbalanced fluc-
tuations in the sheath potentials could be caused by spatiél
variations in the plasma parameters (primarily electron density
and temperature) if a suitable bias asymmetry exists for
the two spheres. The most likely parameter which could
cause these potential variations is believed to be the
‘électron temperature, since the sheath potential [Equation (2)]
is directly proportional to the electron temperature whereas
the electron density enters only in the logarithmic term.
Although unbalanced fluctuations in thevsheath poten-
tials may provide a possible gualitative explanation of the
high-latitude electric field noise, an initial investigation
does not indicate that this process is ochrring. In
particular, (1) a detailed comparison of the electric field
noise with data from the AFCRL experiment on Injun 5, which

megsures a quantity proportional to Ne¥ Te » reveals no
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significant correlation, and (2) a comparison of the electric
field noise fluctuations with sheath resistance variations
(Rs in Equation (1) is proportional to T,, but is measured
only every 30 seconds) also reveals no consistent correla-
tion on the time scale being considered. At this time it has
not, therefore, been possible to identify this high-latitude
electric field noise with any known sheath effect or inter-

action of the spacecraft with the surrounding medium.
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VI. CONCLUSIONS

A. Summary of Observations

Electric field reversals are the most significant
convection electric field effect identified in the Injun 5
DC electric field data. Electric field reversals consis-
tently occur on both the dawn and dusk sides of the polar cap
at about T0° to 80° invariant latitude, and have been identi-
fied at magnetically conjugate points in both hemispheres.
Amplitudes of 30 mV/meter, and occasionally greater than
100 mV/meter, occur frequently. The detailed location and
form of the reversal often changes markedly on time scales
less than 2 hours. Generally the plasma convection velocities
associated with reversals on the dawn-~dusk meridian are anti-
sunward at higher latitudes and sunward at lower latitudes,
but cases of convection directions opposite to this do occur.
Over the polar region above the auroral zone the convection
velocity is usually small compared to the convection velocities
in the region of the reversal.

Small changes in the DC electric field, typically 10
to 20 mV/meter, sometimes occur at the plasmapause/light ion
trough boundary. For the cases investigated, all of which

vere at magnetic local times from O to 5 hours, the convection
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observed generally has a westward component on the high=-
latitude side of the plasmapause boundary, relative to a
coordinate system co-~rotating with the earth.

Noise~like electric field fluctuations with time
scales less than 60 seconds and amplitudes of 10 mV/meter
or greater are usually observed at high latitudes. The low-
latitude boundary of this noise is typically at about 60°
invariant latitude. The amplitude of this noise increases
gignificantly with increasing altitude and is largest at high
altitudes over the winter hemisphere. This altitude depen-
dence implies the presence of significant electric fields
parallel to the geomagnetic field. However, some possibility
exigsts that these noise-like electric field fluctuations
may not be due to real magnetospheric electric fields, but
may be caused by unbalanced variations in the sheath poten-
tial or some other yet unknown interaction between the space-

craft and the sufrounding medium.

B. Comparison with Barium Cloud Measurements

Haerendel and Ltist [1970] summarize recent results of
measurements of plasma convection by the barium cloud drift
technique. The requirement of twilight conditioné restficts.
barium cloud measurements to the midnight sector and invariant
latitudes generally below T0°. However, at local times nearer

dawn, eastward drifts are observed, and near dusk, westward
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drifts. These directions are entirely consistent with the
"sunward"” convection reported in this paper at dawn and dusk
at compareble latitudes. Several cases of clouds reversing
their drift directions have been reported. Furthermore, the
magnitudes of convection velocities we observe are consistent
with, for instance, those quoted by Wescott et al., [1969],
who report intensities of 10 - 130 mV/meter. These authors

also report that large irregularities in the electric

field exist most of the time.

C. Comparison with Magnetospheric Models

Dungey [1961] suggested that the solar magnetic field
could merge with the earth's magnetic field in an "oper"
magnetospheric model. Field lines merged at the bow of the
magnetosphere would be ﬁulled across the polar caps by the
solar wind and would reconnect on the earth's night side.
Consequently there would be a return flow of field lines
to the sunward side of the earth at lower latitudes. As
charged particles would remain attached ("frozen") to field
lines except near reconnection regions, bulk motion, or
convection, of the magnetosphere would result. The measure-
ments presented here of DC electric fields related directly
to plasma convection, indicate that the anti-solar convec-
tion flow across the polar caps suggested by Dungey is neot
a normal feature of the magnetosphere. Figures 9 and 11

suggest that such a convective flow may occesionally occur,
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but the velocities are less than would be expected from a
geometrical reduction of the solar wind welocity to satellite
altitudes.

Axford and Hines' [1961] "closed" magnetospheric model
more explicitly suggested convection across the polar cap
with return flow at the auroral zone, but used "viscous
interaction” with the solar wind at the magnetospheric
boundary as the principal driving force. To the extent that
their trans-polar flow was concentrated at auroral zone
latitudes, the observations presented herein are consistent
with the Axford and Hines model. However, we do not observe
large~scale convection directly across the polar cap to be
an ordinary feature of magnetospheric convection.

The small-scale westward convection observed just
outside the plasmapause boundary is consistent in magnitude
and direction with the interpretation that the plasmapause
may be the boundary of the plasma which corotates with the

earth. {The frame of reference used is corotating with the

earth. )

D. Comparison with Models of Substorms and Aurorae

The short time scales we observe for major changes
in the magnetospheric electric fields measured, suggest ties
with magnetic substorm phenomena. The same essential features

of high letitude convection, anti-sunward trans-polar flow
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and auroral zone return paths, appear in the magnetic sub-
storm equivalent current systems derived by Nishida [1967],
Heppner [1969], Wescott et al., [1969], and others, on the
basis of ground magnetometer measurements. These currents
are assumed to be concentrated in the ionosphere. The prin-
cipal point of disagreement of our observations with the
pattern is again that we observe the anti-solar convection
generally to be concentrated in the auroral zone, rather
than spread out across the polar cap. However, as we do
occasionally (cf. Figurés 9 and 11) see trans-polar flow
components, and since the substorm current pattern is
presumably & transitory feature of the ionosphere, we cannot
reject the possibility of its validity.

A competing theory of magnetic substorms utilizes a
3-dimensional current system with field aligned currents
[Bostrdm, 1967; Bonnevier, et al., 1970, Akasofu and Meng,
1969]. A current is assumed to flow through the ionosphere
(auroral electrojef) from dawn to dusk, then outward along
a dusk magnetic field line. There the ring current, which
drives the system, connects dusk to dawn, where the current
flows inward slong & field line., The effects of such field=-
aligned currents in the ionosphere have been investigated
theoretically by Block and Félthammar [1968], leading to a
theory of space-~charge regions above aurorae [Carlqvist and
Bostr&m;lQTO]s One of the consequences of such a space-charge

region is the existence of a current slab above the aurora
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containing & north-south electric field which reverses in the
center of the slab. The fields will point towards the center
if the field-aligned current is upwards, and away from the
slab center if the field aligned current is downwards.

The electric fields are then presumed to cause ﬁx%/B2 drifts.
With the current system postulated, these drifts will be
sunwards at latitudes below the aurora and anti~sunward at
higher latitudes. These fields and drifts are entirely
congistent with our observations of the predominant directions
of reversals. Carlqvist and Bostr®m predict potentials at

3

the center of the slabs of 10 --lO5 volts, and this is consis-

tent with the 3600 volt and 4L ,000 volt examples shown in
Figures 10 and 12. If one assumes slab widths of 102—103

kilometers, the range of convection velocities predicted

also encompasses the range of velocities observed.
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FIGURE CAPTIONS

Figure 1 Views of the Injun 5 satellite showing the electric
antennas and their orientation after spacecraft

alignment with the local geomagnetic field.

Figure 2 Top: Schematic illustration of the plasma sheath
around the spacecraft and electric probes. Bottom:
Equivalent circuit of the probe-plasme system.

V+—V

[

wa

Figure 3 Electric field E = - measured for one full
orbit of the Injun 5 spacecraft, compared with
calculated values of I?sxil. Variations in the

resistance of the plasma sheath around the antennas

are shown below.

Figure 4 Spacecraft wake effects observed on 3 successive
high~altitude passes over the northern hemisphere

in January, 1969.

Figure 5. Example of a sudden reversal in the convection
electric field. E, is the measured electric field;

. > . - .
E_ is the y»vsxﬁ electric field; and Ep=E,~E_ is
assumed to be the convection electric field. Antenna
orientation angles and sheath impedance (see text)

are used to verify that the reversal is not an instru-

mental effect.



Figure 6

Figure 7

Figure 8

Figure 9
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Convection velocity components inferred from

- > <> 2 R .

Ve ERxB/B for the electric field reversal
shown in Figure 5. The arrow represents only the
convection velocity component sensed and does not

represent the vector direction of the convection

velocity since only one component is measured.

Convection veiocity reversals inferred from DC
electric field measurements on three different
days of January, 1969. The reversals occur at
dawn and all have sunward (anti-sunward) components

on the low (high) latitude side of the reversal,

Convection velocity reversals observed to occur

on conjugate ends of the same geomagnetic field
lines, one hour apart. The five reversals shown,
three at 3:00 MLT and two at 15:00 MLT, all possess
sunward (anti-sunward) convection components on the

low (high) latitude sides of the reversals.

Pairs of convection velocity reversals observed
at dawn and dusk MLT on three successive passes
over the northern polar cap. The existence of

a temporary anti-sunward convection zone across
the polar cap is suggested by the data on the

top figure.



Figure 10

Figure 11

Figure 12

Figure 13

Figure 1k
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Electric field measured parallel to the satellite

path for a southern polar cap pass at low altitude.
T

The potential ¢ = = IE»ds reaches L4 ,000 volts in

2500 kilometers.

Convection velocity components corresponding to
the electric fields shown in Figure 10. The
spacecraft orientation, as shown, is such that
only the 1:00-13:00 MLT component is measured,
since the satellite was not rotating-for this
pass. Sunlight shadows of the spacecraft body
or booms on the spheres cannot occur for this

orientation.

Example of a very rapid reversal in the north-
south electric field. The potential ¢ = « E.ds

reaches 3600 wvolts in less than 100 kilometers.

Example of a small electric field change observed

near the plasmapause/light ion trough boundary.

Example of electric field noise observed across
the polar caps for a full orbit during Januvary,
1969. The noise amplitudes are largest over the
winter pole and at high altitudes where the sheath

registances are also large.
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